Rationale Novel cannabinoid compounds continue to be marketed as Blegal^marijuana substitutes, even though little is known about their molecular and behavioral effects. Objectives Six of these compounds (ADBICA, ADB-PINACA, THJ-2201, RCS-4, JWH-122, JWH-210) were tested for in vitro and in vivo cannabinoid-like effects to determine their abuse liability. Methods Binding to and functional activity at CB1 cannabinoid receptors was tested. Locomotor activity in mice was tested to screen for behavioral activity and to identify behaviorally active dose ranges and times of peak effect. Discriminative stimulus effects of the six compounds were tested in rats trained to discriminate Δ 9 -tetrahydrocannabinol (Δ 9 -THC). Results ADBICA, ADB-PINACA, THJ-2201, RCS-4, JWH-122, and JWH-210 showed high affinity binding at the CB1 receptor at nanomolar affinities (0.59 to 22.5 nM), and all acted as full agonists with nanomolar potencies (0.024 to 111 nM) when compared to the CB1 receptor full agonist CP 55940. All compounds depressed locomotor activity below 50 % of vehicle responding, with depressant effects lasting 1.5 to nearly 4 h. All compounds fully substituted (<80 % Δ 9 -THCappropriate responding) for the discriminative stimulus effects of Δ 9 -THC. 3,4-Methylenedioxy-methamphetamine (MDMA) was tested as a negative control and did not substitute for Δ 9 -THC (11 % Δ 9 -THC-appropriate responding). Conclusions All six of the compounds acted at the CB1 receptor and produced behavioral effects common to abused cannabinoid compounds, which suggest that these compounds have substantial abuse liability common to controlled synthetic cannabinoid compounds.
Introduction
Use of designer drugs has been increasing, including the use of a variety of synthetic cannabinoids (Drug Enforcement Administration, 2014) . Of even greater concern, these compounds have been increasingly used by youth with electronic Bvaping^devices (Morean et al. 2015) . In 2012, a group of 15 synthetic cannabinoids was classified as schedule I compounds (Drug Enforcement Administration, 2013) . These compounds act as agonists at CB1 cannabinoid receptors (Atwood et al. 2010; Atwood et al. 2011; Brents et al. 2012; Showalter et al. 1996) and produce behavioral effects similar to those of Δ 9 -tetrahydrocannabinol (Δ 9 -THC), the major psychoactive compound found in marijuana (Brents et al. 2012; Gatch and Forster 2014; Ginsburg et al. 2012; Järbe et al. 2011; Marshell et al. 2014; Wiley et al. 2013; .
Although marijuana has a reputation as a fairly benign substance, the synthetic cannabinoids have been associated with serious toxicities including convulsions (Gugelmann et al. 2014) , renal toxicity (Centers for Disease Control and Prevention 2013; Buser et al. 2014) , and sudden death (Behonick et al. 2014) . In vitro studies have reported substantial cytotoxicity induced by several synthetic cannabinoids (inc., CP-55,940, CP-47,497, CP-47,497-C8, HU-210, JWH-018, JWH-073, JWH-122, JWH-210, AM-694, AM-2201, and MAM-2201) in a range of cell types and assays (Koller et al. 2013; Tomiyama and Funada 2014) . Taken together, these findings suggest that recreational use of the synthetic cannabinoids is more dangerous than marijuana use.
Cannabinoid recreational compounds more recently found on the street include ADBICA, ADB-PINACA, THJ-2201, . Structures are shown in Fig. 1 . ADB-PINACA and THJ-2201 have been temporarily scheduled into schedule I (DEA 2014) . Increasing use of JWH-122, JWH-210, and RCS-4 has been reported (Hermanns-Clausen et al 2013; Lesiak et al. 2014; Tuv et al. 2014) , and JWH-122 is one of the most commonly identified synthetic cannabinoids in specimens from users Wohlfarth et al. 2015) . ADB-PINACA is not as common, but there have been reports of toxicity associated with its use by recreational users. Anxiety, delirium, psychosis, aggressive behaviors, and seizures were observed in eight individuals who presented to an emergency room after smoking BCrazy Clown,^which was found to contain ADB-PINACA (Schwartz et al. 2015) . In Colorado, 76 patients presented to emergency rooms in a 1-month period after smoking Bblack mamba,^which also was found to contain ADB-PINACA (Monte et al. 2014) . Adverse effects included altered mental status, cardiotoxicity, and seizures.
There is little or no information available on the mechanisms of the behavioral effects of ADBICA, ADB-PINACA, THJ-2201, and RCS-4. In contrast, the JWH-series compounds have been more thoroughly studied. Both JWH-122 and JWH-210 bind to the CB1 receptor (Cha et al. 2014; Huffman, et al. 2005) . JWH-210 produced conditioned place preference at an intermediate dose and conditioned place aversion at higher doses (Cha et al. 2014) . JWH-210 also produced full substitution in rats trained to discriminate Δ 9 -THC (Wiley et al. 2014) . As mentioned previously, both JWH-122 and 210 produce cytotoxicity (Koller et al. 2013; Tomiyama and Funada 2014) . There is also evidence of severe adverse effects from recreational use, including shock and myocardial damage in an individual using both JWH compounds in combination with caffeine (Nakamura et al. 2014) , hyperemesis in an individual using several synthetic cannabinoids including JWH-018, JWH-073, JWH-122, AM-2201, and AM-694 (Hopkins and Gilchrist 2013) , and acute psychosis in an individual using JWH-122 in combination with the phenethylamine 1-benzofuran-6-ylpropan-2-amine (6-APB), a synthetic recreational compound with reputed psychostimulant and entactogenic effects (Chan et al. 2013) .
The purpose of the present study was to identify the potential abuse liability of a set of cannabinoids temporarily scheduled by DEA (ADBICA, ADB-PINACA, THJ-2201, RCS-4) and to collect additional and/or confirmatory data for two additional compounds whose use is increasing . Abuse liability is determined by a number of properties, including the following: the chemical structure of the compound is closely related to those of any known substances of abuse, the chemical has a pharmacological mechanism shared by any known substances of abuse, and the chemical produces subjective effects similar to any known substances of abuse. Chemical structures are shown in Fig. 1 . CB1 receptor binding was tested to demonstrate a pharmacological mechanism shared with Δ 9 -THC. The drug discrimination assay is a well-validated animal model of the subjective effects of behaviorally active compounds (Young 2009; Horton et al. 2013) . The six compounds were tested in rats trained to discriminate Δ 9 -THC. Because little or no behavioral testing has been conducted with several of these compounds, 8-h tests for locomotor stimulant effects were conducted using multiple doses to identify active time course and dose ranges of these compounds. JWH-210 has been well-characterized in these assays and served as a positive control. In addition, 3,4-methylenedioxy-methamphetamine (MDMA) was tested as a negative control in the drug discrimination assay. 
Locomotor activity
Each study was conducted using 32 Digiscan locomotor activity testing chambers (40.5 × 40.5 × 30.5 cm) (Omnitech Electronics, Columbus, OH) each housed within a soundattenuating chamber that provided dim illumination. A panel of 16 infrared beams and corresponding photodetectors were located in the horizontal direction along the sides of each activity chamber. Separate groups of eight mice were injected with either vehicle (ethanol/Cremophor EL/0.9 % saline 1:1:18) or a cannabinoid: Δ 9 -THC (2.5-25 mg/kg), ADBICA (0.25-2.5 mg/kg), ADB-PINACA (0.1-1 mg/kg), THJ-2201 (0.1-1 mg/kg), RCS-4 (1-10 mg/kg), JWH-122 (0.1-1.0 mg/kg), or JWH-210 (0.5-5 mg/kg), immediately prior to locomotor activity testing. Only seven mice were tested following the 0.25 mg/kg dose of JWH-122 due to equipment failure. Each dose range included doses that were without effect to those producing at least 50 % depression below vehicle control. In all studies, horizontal activity (interruption of photocell beams) was measured for 8 h within 10-min periods, beginning at 8:00 AM (1 h after lights on).
Discrimination procedures
Standard behavior-testing chambers (Coulbourn Instruments, Allentown, PA) were connected to IBM-PC compatible computers via Med Associates interfaces (East Fairfield, VT). The computers were programmed in Med-PC for Windows, version IV (Med Associates, East Fairfield, VT) for the operation of the chambers and collection of data.
Rats were first trained to discriminate Δ 9 -THC (3 mg/kg) from vehicle (ethanol/Cremophor EL/0.9 % saline 1:1:18) using a two-lever choice methodology. Thirty minutes prior to the training sessions, rats received an injection of either saline or Δ 9 -THC and were subsequently placed in the behavior-testing chambers, where food (45 mg food pellets; Bio-Serve, Frenchtown, NJ) was available as a reinforcer for every 10 responses on a designated injection-appropriate lever. Each training session lasted a maximum of 10 min, and the rats could earn up to 20 food pellets. Rats were used in tests of substitution of the experimental compounds once they had achieved nine of 10 sessions at 85 % or greater injectionappropriate responding for both the first reinforcer and total session, which occurred after approximately 60 training sessions. The training sessions occurred on separate days in a double alternating fashion (drug-drug-vehicle-vehicle-drug; etc.) until the training phase was complete, after which substitution tests were introduced into the training schedule such that at least one vehicle and one drug session occurred between each test (drug-vehicle-test-vehicle-drug-test-drug; etc.). The substitution tests occurred only if the rats had achieved 85 % injection-appropriate responding on the two prior training sessions.
Thirty-one rats drawn from a larger pool of Δ 9 -THC trained rats were used for testing the compounds in the present study. Five of the rats were used for testing with two of the test compounds. During test sessions, both levers were active, such that 10 consecutive responses on either lever led to reinforcement. For dose-effect experiments, data were collected until the first reinforcer was obtained, or for a maximum of 20 min. Each compound was tested in a separate group of six rats using a repeated-measures design such that each rat was tested at all doses of a given drug. Vehicle (1 ml/kg) and Δ 9 -THC (3 mg/kg) controls were tested before the start of each compound evaluation. Doses of ADBICA (0.025-0.25 mg/ kg, 15 min pretreatment), ADB-PINACA (0.1-2.5 mg/kg, 60 min), THJ-2201 (0.05-0.5 mg/kg, 30 min), RCS-4 (0.5-50 mg/kg, 20 min), JWH-122 (0.1-1 mg/kg, 40 min), and JWH-210 (0.025-0.5 mg/kg, 30 min) were tested. A dose range was tested from no effect (<20 % Δ 9 -THC-appropriate responding) to full effect (≥80 % Δ 9 -THC-appropriate responding or suppression of responding to less than 20 % of vehicle control). Pretreatment times were based on the time of peak depression for each compound in the locomotor activity testing.
Binding
Binding to human recombinant CB1 receptors expressed in Chinese hamster ovary (CHO) cells was determined. Cell membrane homogenates were incubated with the radioligand in absence or presence of the test compound in a buffer. Nonspecific binding was determined in the presence of a specific agonist or antagonist at the target. Following incubation, the samples were filtered rapidly under vacuum through glass fiber filters presoaked in a buffer and rinsed several times with an ice-cold buffer using a 48-sample or 96-sample cell harvester. The filters were counted for radioactivity in a scintillation counter using a scintillation cocktail.
ADBICA, ADB-PINACA, RCS-4, JWH-122, and JWH-210 were screened at 100 nM (1.0E-07 M) and 10,000 nM (1.0E-05 M) to determine appropriate concentration ranges for subsequent testing. They were then tested for binding at the CB1 receptor at eight concentrations chosen between 3E-11 and 1E-06 M with first and last step of 1 log unit and middle steps of half logs and for functional activity at eight concentrations between 1E-12 and 1E-08 M with a first step of 1 log unit and the remaining steps of half log for IC 50 and EC 50 determinations. Each experiment was conducted with duplicate wells. Two separate experiments were conducted for the binding and functional IC 50 and EC 50 studies.
Functional assays
Gi: agonist effect The CHO cells were suspended in HBSS buffer (Invitrogen) complemented with 20 mM HEPES (Invitrogen) (pH 7.4) then distributed in microplates and incubated at room temperature in the presence of HBSS (basal control), the reference agonist at one (stimulated control) or various concentrations (EC 50 determination), or the test compounds.
Thereafter, the adenylyl cyclase activator NKH 477 was added to artificially increase cAMP concentration and allow agonist effect detection (decrease of cAMP levels). Following incubation, the cells were lysed and the fluorescence acceptor (D2-labeled cAMP) and fluorescence donor (anti-cAMP antibody labeled with europium cryptate) were added.
After 60 min at room temperature, the fluorescence transfer was measured at ex = 337 nm and em = 620 and 665 nm using a microplate reader (Rubystar, BMG). The cAMP concentration was determined by dividing the signal measured at 665 nm by that measured at 620 nm (ratio).
Gi: antagonist effect The CHO cells were suspended in HBSS buffer (Invitrogen) complemented with 20 mM HEPES (Invitrogen) (pH 7.4) then distributed in microplates. The cells were preincubated for 5 min at room temperature in the presence of either of the following: HBSS (stimulated control), the reference antagonist at one (basal control) or various concentrations (IC 50 determination), or the test compounds. Thereafter, the reference agonist (CP 55940) and the adenylyl cyclase activator NKH 477 were added. For basal control measurements, reference agonist was omitted. Following incubation, the cells were lysed and the fluorescence acceptor (D2-labeled cAMP) and fluorescence donor (anti-cAMP antibody labeled with europium cryptate) were added. After 60 min at room temperature, the fluorescence transfer was measured at ex = 337 nm and em = 620 and 665 nm using a microplate reader (Rubystar, BMG). The cAMP concentration was determined by dividing the signal measured at 665 nm by that measured at 620 nm (ratio).
Drugs

Δ
9 -Tetrahydrocannabinol, ADBICA (N-(1-amino-3,3-dim e t h yl -1 -o xo b ut an -2 -y l ) -1 -p e nt y l -1H -i n do l e -3 -carboxamide), ADB-PINACA (N-[1-(aminocarbonyl)-2,2-dimethylpropyl]-1-pentyl-1H-indazole-3-carboxamide), THJ-2201 ((1-(5-fluoropentyl)-1H-indazol-3-yl)(naphthalen-1-yl)methanone), RCS-4 ((4-methoxyphenyl)(1-pentyl-1H-indol-3-yl)methan one), JWH-12 2 ((4-methyl-1-naphthalenyl)(1-pentyl-1H-indol-3-yl)-methanone), and JWH-210 ((4-ethyl-1-naphthalenyl)(1-pentyl-1H-indol-3-yl)-methanone) were provided by the National Institute on Drug Abuse Drug Supply Program. All drugs were dissolved in ethanol/Cremophor EL/0.9 % saline (1:1:18) and were administered i.p. in a volume of 1 ml/kg.
Data analysis
Locomotor activity data were expressed as the mean number of photocell counts in the horizontal plane (ambulation counts) during each 10-min period of testing. For each test compound, a 30-min period, beginning when maximal depression of locomotor activity first appeared as a function of dose, was used for analysis of dose-response data and calculation of ED 50 values (dose producing 1/2 maximal depressant activity, where maximal depression = 0 counts/30 min). OriginGraph (OriginLab Corporation, Northampton, MA) was used to estimate the maximal depression induced by each cannabinoid. A two-way analysis of variance, with dose as a between-group factor and time as a within-subject factor, was conducted on horizontal activity counts/10-min interval.
Drug discrimination data are expressed as the mean percentage of drug-appropriate responses occurring in each test period. Rates of responding were expressed as a function of the number of responses made divided by the time to the first reinforcer. Graphs for percent drug-appropriate responding and response rate were plotted as a function of dose of test compound (log scale). Percent drug-appropriate responding was shown only if at least three rats completed the first fixed ratio, whereas all rats are shown for the response rate data. Full substitution was defined as ≥80 % drug-appropriate responding and not statistically different from the training drug. The potencies of ADBICA, ADB-PINACA, THJ-2201, RCS-4, JWH-122, and JWH-210 were calculated by fitting straight lines to the dose-response data for each compound by means of OriginGraph (OriginLab Corporation, Northampton, MA). Straight lines were fitted to the linear portion of dose-effect curves, including not more than one dose producing <20 % of the maximal effect and not more than one dose producing >80 % of the maximal effect. Other doses were excluded from the analyses. Response-rate data were analyzed by one-way repeated measures analysis of variance. Effects of individual doses were compared to the vehicle control value using a priori contrasts. The criterion for significance was set a priori at p < 0.05.
Compound binding was calculated as a % inhibition of the binding of a radioactively labeled ligand specific for each target. Cellular agonist effect was calculated as a % of control response to a known reference agonist (CP 55940) for each target, and cellular antagonist effect was calculated as a % inhibition of control reference agonist response for each target. The IC 50 values (concentration causing a half-maximal inhibition of control-specific binding) and the Hill coefficients (nH) were determined by nonlinear regression analysis of the competition curves generated with mean replicate values using the Hill equation curve. This analysis was performed using software developed at Cerep (Hill software) and validated by comparison with data generated by the commercial software SigmaPlot® 4.0 for Windows® (© 1997 by SPSS Inc.). The inhibition constants (K i ) were calculated using the Cheng Prusoff equation. A Scatchard plot was used to determine the KD.
For the functional assays, the results were expressed as a percent of control agonist response and as a percent inhibition of control agonist response in the presence of the test compound. The EC 50 values (concentration producing a halfmaximal response) and IC 50 values (concentration causing a half-maximal inhibition of the control agonist response) were determined by nonlinear regression analysis of the concentration-response curves generated with mean replicate values using the Hill equation curve fitting software as described above.
Results
Data from the in vitro studies are summarized in Table 1 . Each of the compounds tested showed binding to the human CB1 receptor at nanomolar affinities, ranging from 0.59 nM (ADB-PINACA) to 22.5 nM (RCS-4). All of the test compounds acted as full agonists with nanomolar potencies, ranging from 0.024 (ADB-PINACA) to 111 nM (JWH-210). Maximum effects ranged from 97.4 to 101.9 % of the effect produced by the reference compound, the full agonist CP 55940. Binding affinities and potencies of functional activity were not correlated (R 2 = 0.01, p = 0.86).
Locomotor activity Figure 2 shows average horizontal activity counts/10 min as a function of time and dose (top to bottom panels). No compound produced effects lasting longer than 4 h, so only the first 4 h of the test sessions are shown. Table 2 shows the ED 50 for each compound. Treatment with Δ 9 -THC resulted in time-and dosedependent depression of locomotor activity following 10 and 25 mg/kg (Fig. 2) . A two-way analysis of variance conducted on horizontal activity counts/10 min indicated a significant effect of treatment F(4,35) = 4.38, p = .006, 10-min periods F(47,1645) = 21.54, p < .001, and the interaction of periods and treatment F(188,1645) = 1.96, p < .001. Depressant effects of 10 and 25 mg/kg occurred within 10-20 min following injection and lasted 120-210 min. The period 30-60 min was selected for analysis of dose-response data because this was the time period in which Δ 9 -THC produced maximal effects.
ADBICA produced time-and dose-dependent depression of locomotor activity following 0.5, 1, and 2.5 mg/kg. A twoway analysis of variance conducted on horizontal activity counts/10 min failed to indicate a significant effect of dose, although significant effects were observed for the time F(47, 1645) = 26.21, p < .001, and the interaction of dose and time F(188,1645) = 2.18, p < .001. Depressant effects of 0.5, 1, and 2.5 mg/kg occurred within 10 min following injection and reached the low point by 20 min. The effects lasted longer as dose increased, ranging from 30 to 70 min. Treatment with ADB-PINACA resulted in time-and dose-dependent depression of locomotor activity following 0.25, 0.5, and 1 mg/kg (Fig. 2) . A two-way analysis of variance conducted on horizontal activity counts/10 min failed to indicate a significant effect of dose, although significant effects were observed for time interval F(47,1974) = 29.00, p < .001, and the interaction of dose and time F(235,1974) = 2.45, p < .001. Depressant effects of 0.25, 0.5, and 1 mg/kg occurred within 10 min following injection, peaked at 20 min, and lasted 30-60 min.
Treatment with JWH-210 resulted in time-and dosedependent depression of locomotor activity following 1 to 10 mg/kg. A two-way analysis of variance conducted on horizontal activity counts/10 min indicated a significant effect of treatment F(6,49) = 5.52, p < .001, 10-min periods F(47,2303) = 35.80, p < .001, and the interaction of periods and treatment F(282,2303) = 2.20, p < .001. Depressant effects occurred within 30 min following injection and lasted 190 min. The 10 mg/kg dose did not increase the depression or increase its duration over that produced by 1 to 5 mg/kg JWH-210, and so is not shown on the figures to enhance clarity. Tremors were observed upon handling in six of eight mice, 8 h following 10 mg/kg JWH-210. THJ-2201 produced timeand dose-dependent depression of locomotor activity following 0.5 and 1 mg/kg. A two-way analysis of variance conducted on horizontal activity counts/10 min failed to indicate a significant effect of dose, although significant effects were observed for the time interval F(47,1645) = 25.49, p < .001, and the interaction of dose and time interval F (188,1645) = 1.78, p < .001. (Fig. 2) . A two-way analysis of variance conducted on horizontal activity counts/10 min failed to indicate a significant effect of dose, but indicated a significant effect of time interval F(47,1974) = 34.46, p < .001, and the interaction of dose and time interval F(235,1974) = 1.76, p < .001. Depressant effects of 5 and 10 mg/kg occurred within 20 min following injection and lasted 20-50 min. JWH-122 produced time-and dose-dependent depression of locomotor activity following 0.5 and 1 mg/kg. A two-way analysis of variance conducted on horizontal activity counts/10 min failed to indicate a significant effect of dose, although significant effects were observed for the time intervals F(47, 1598) = 21.59, p < .001, and the interaction of dose and time intervals F(188,1598) = 1.76, p < .001. Depressant effects of 0.5 and 1 mg/kg occurred within 40 min following injection and lasted longer (90 to 150 min) as dose increased.
Drug discrimination
Each of the synthetic cannabinoids substituted for the discriminative stimulus effects of Δ 9 -THC (Fig. 3) . RCS-4 was less potent than the other compounds, with an ED 50 of 37.9 mg/kg, and a 95 % confidence interval that did not overlap any of the other compounds (Table 2 ). The ED 50 values for the other compounds ranged from 0.11 to 1.15 mg/kg, and all had overlapping 95 % confidence intervals. JWH-210 [F(5,25) = 3.47, p = .016] and RCS-4 [F(7,35) = 3.54, p = .006] produced modest depression of rate of responding at doses which were substituted. MDMA failed to substitute for the discriminative stimulus effects of Δ 9 -THC, producing a maximum of 11 % THC-appropriate responding following 1.5 mg/kg. MDMA dose dependently depressed rate of responding [F(3, 24) = 17.214, p < .001], such that six of nine rats failed to complete the first fixed ratio following 3 mg/kg.
Discussion
ADBICA, ADB-PINACA, THJ-2201, RCS-4, JWH-122, and JWH-210, six compounds assigned to schedule 1 by the United States Drug Enforcement Agency, each produced in vitro and behavioral effects similar to Δ 9 -THC. All of the compounds tested bound with nanomolar affinity to the CB1 receptor and acted as full agonists (THJ-2201 was not tested for binding). These findings are in accordance with earlier research. Both JWH-122 and JWH-210 have been previously reported to bind to the CB1 receptor (Cha et al. 2014; Huffman, et al. 2005) as have most, if not all of the synthetic cannabinoid compounds used recreationally (Showalter et al. 1996; Atwood et al. 2010 Atwood et al. , 2011 Brents et al. 2012; Gatch and Forster 2015) .
Each of the compounds produced dose-dependent depression of locomotor activity similar to that of Δ 9 -THC and other synthetic cannabinoids (Wiley et al. 1998 (Wiley et al. , 2013 Gatch and Forster 2014; . All of the test compounds except RCS-4 were more potent than Δ 9 -THC, which is in keeping with earlier observations that the synthetic cannabinoids are at least as potent as Δ 9 -THC, and some are as much as 100-fold more potent (Gatch and Forster 2014; . The newer compounds (ADBICA, ADB-PINACA, THJ-2201, RCS-4) had rapid onsets and the depressant effects lasted about an hour, whereas the JWH compounds had slower onset and were much longer acting (2.5 to 3 h).
Each of the six compounds fully substituted for the discriminative stimulus effects of Δ 9 -THC, which agrees with an earlier report that JWH-210 produced full substitution in rats trained to discriminate Δ 9 -THC (Wiley et al. 2014 ). RCS-4 produced an unusual profile in that the data described an inverted U between 0.5 and 25 mg/kg, with 50 mg/kg producing full substitution. The 10 and 50 mg/kg doses were repeated in separate groups of rats (data not shown) with comparable results. It is possible that RCS-4 may have other pharmacological actions at sites other than the CB1 receptor. Pretreatment times and dose ranges for the drug discrimination assay were selected based on the time of peak depression in the locomotor activity assay. When the data for RCS-4 was not considered, there was a strong correlation in locomotor depressant and discriminative stimulus potencies in the present study (R 2 = 0.98, p = 0.0001), despite the using of mice for the locomotor activity and rats for the drug discrimination. Over the 17 compounds we have tested, the correlation between locomotor depressant and discriminative stimulus potencies is weak, but statistically significant (R 2 = 0.27, p = 0.023). A wide range of synthetic cannabinoids also substitute for the discriminative stimulus effects of Δ 9 -THC in studies conducted in our laboratory Forster 2014, 2015) and in others with various species, including mice (Brents et al. 2012; Marshell et al. 2014) , rats (Järbe et al. 2011; Wiley et al. 2013; , and monkeys (Ginsburg et al. 2012) .
Of the six compounds in the present study, only JWH-210 has also been tested in the conditioned place preference assay. JWH-210, along with Δ 9 -THC, JWH-073, and JWH-081, produced conditioned place preference in ICR mice at intermediate doses and either no preference or aversion at high doses (Cha et al. 2014) . Other synthetic cannabinoids such as WIN 55212-2 and HU210 also produce place aversion in adult SpragueDawley, Wistar, or Lister rats (Chaperon et al. 1998; Cheer et al. 2000; Pandolfo et al. 2009 ), but produced a place preference in adolescent Sprague-Dawley rats (Carvalho et al. 2014 ) and both adolescent and adult SHR rats, a model of attention deficit disorders (Pandolfo et al. 2009 ). In addition, JWH-018 produced place aversion in NIH Swiss mice unless they had been preexposed to Δ 9 -THC, in which case, a place preference was observed . These findings are of potential relevance to human recreational use as they suggest that adolescents, people with ADHD, and those with experience with marijuana may be vulnerable to the reinforcing effects of synthetic cannabinoids. Generality of these findings to other synthetic cannabinoids will be of interest.
The newer synthetic compounds (ADBICA, ADB-PINACA, THJ-2201, RCS-4), along with the JWH compounds, are sold as marijuana substitutes to recreational users. As seen in Fig. 1 , these compounds have structures similar to synthetic cannabinoids known to be abused and which are currently scheduled. All six of the compounds bind to CB1 receptors and act as agonists as does Δ 9 -THC and other abused synthetic cannabinoids, although Δ 9 -THC is only a partial agonist at CB1 receptors. Finally, all of the compounds produced discriminative stimulus effects similar to Δ 9 -THC. Taken together, these findings suggest that the six test compounds have substantial abuse liability similar to controlled synthetic cannabinoid compounds. Tremors were observed following JWH-210. For the remaining compounds, doses which decreased locomotor activity and produced Δ 9 -THClike discriminative stimulus effects did not produce adverse effects, and therefore may produce little acute toxicity at lower doses. However, reports of cytotoxicity (Koller et al. 2013; Tomiyama and Funada 2014) suggest that long-term and/or use of large doses of these synthetic cannabinoids with full agonist activity may have increased risks of adverse events. In addition, due to its unusual dose-effect curve, RCS-4 may produce effects at pharmacological sites other than CB1 receptors. How this will alter its patterns of use or adverse effect profile remains to be determined.
